EXPERIMENT
Fluxes of CI-I4 and CO2 were measured directly using the eddy correlation method. A three-axis sonic anemometer, capable of measuring wind velocities and ambient temperature at 20 Hz [Fitzjarrald and Moore, this issue], was mounted at the top of the micromet tower. The sensor was rotated to keep the tower downwind to minimize interference. Air was sampled at -7 dm3min -x through an inlet located 0.5 m behind of the sonic cell cooled thermoelectrically to about 0øC, and filled with glass beads. A mercury marioseat (Gilmont Absolute Pressure Control) was used to dampen pressure fluctuations at high sample flow rate as required to achieve fast response. The gains for CO2 and CI-I4 instruments were measured by adding to the inlets small flows of concentrated standard mixtures. The 90% response time was slightly better than 1 s for THC, CI-I4 and CO2 measurements.
Measurements were collected at 8 Hz.
Methane and CO2 concentrations were measured consecutively at 8 altitudes on the tower, using duplicate insmunentation for CH 4 and a Binos nondispersive infrared analyzer for CO2. Air samples were drawn through Teflon tubes (4.5 mm ID) at 10.8, 8.5, 6.1, 4.3, and 3.1 m above ground, on booms extending 1 m from the tower, and from tubes fixed to the guy wire, 7-8 m NW of the tower, at 1.5, 0.5, and 0.02 m above the ground (see Figure  2) . Each level was sampled for 4 min, requiring 32 min to obtain a profile. Temperature and dew point of the air were precondirioned as for the flux measurement. The instruments were periodically calibrated with reference gases using the same pressure, temperature, and dew point as for air samples, and at the same flow rate through the FID (100 em3min -a).
The Flame Ionization Detector
The flame ionization detector (FID for Gas Chromatograph GC-6A, Shimadzu) measures current between its electrodes car- tied by ions produced in a hydrogen flame by chemi-ionization of lines, compensating for CH4 absorption in the reference cell, and CH radicals. Air was pumped from flux and profile inlet lines by to control the laser frequency. Ideally, differences in detected small Teflon diaphram pumps to the sample inlet jets of the FIDs, power between the split and unsplit lines should be proportional to with gas chromatographic column omitted to obtain fast response the difference in CH4 concentration between the sample air and to the total hydrocarbon (THC) concentration in air. The FIDs reference gas. were calibrated using standards of known CH4 concentration in We used multipass absorption cells of the type described by air, with < 50 ppb nonmethane hydrocarbons (NMHC). The gain Herriot et al. [1964] , with mirror spacing of 16 cm and optical of the eddy correlation FID was determined by adding a known path of 11.'t m. The instrument had two sampling cells, one for flow of CH4 standard (100 ppm in air) to the inlet. The profile in-fast response (4).7 s) eddy correlation measurements and a second strument was calibrated by substituting flows from two standards for slower (-30 s) profile concentration measurements. All three Cnigh and low, bracketing air levels) using a microprocessor (MKS cells (reference, fast response, slow response) were operated at 250B) to maintain constant pressure and flow in the FID sample -100 torrs to optimize differential absorption for the fixed splitting line. Measurements are reported as equivalent CH4 concentra-of 0.555 cm -x between laser lines. 
Computation of Eddy Correlation Fluxes
Eddy correlation fluxes were computed from covariances sorption measurement can therefore be obtained by alternately between vertical wind (w) and concentrations (c) of trace gases, tuning the laser to each of these frequencies.
with the coordinate system rotated to make the fluctuating cornThe instrument, shown schematically in Figure 3 , may be ponent of w perpendicular to the streamlines [McMillen, 1986] . described in terms of four subsystems: the laser, the control and Eddies important for vertical transport typically had time scales signal processing electronics, the optical system (including the from a few seconds to a few minutes. A net upward or downward multipass sample cells), and the gas handling system. The refer-flux of a trace gas is represented by a statistically significant posience cell, nominally identical to the two sample cells, contained a five or negative covariance. In this study we calculated fluxes by standard gas mixture of approximately 1.6 ppm CHn in air, at the first subtracting 4-rain running means from 8-Hz measurements of same pressure as the sample cells. The output from the reference w and c, then averaging the product of the residuals over 1-hour cell detector was used to equalize the power on the three laser intervals to obtain acceptable statistical significance. In sectors 0-120 ø and 170ø-230 ø, where lakes were located a short distance from the tower, the emission rate for CH 4 depends significanfiy on wind speed. The relation is weaker, and observed only at low wind speed, in the sector 2300-360 ø , where lakes were small and farther away. In the sector 120ø-170 ø , with mostly dry tundra and no lakes, dependence on wind speed was not apparent. Mean emissions from the predominantly dry sector (120ø-170 ø ) were smaller than from the wettest sector (170ø-230 ø ) or from the lake-dominated sector (0-120 ø) (see Figure 12b) . The conditional averages obtained here may be combined with information on tower footprint, derived in the appendix (see Figure 13) , to quantify the factors controlling CH4 emissions on spatial scales of -103m. This analysis is carded out in section 5. [Clymo and Reddaway, 1971 ] indicated relase of 11% and 1-6% of NPP as CH4, respectively.
1983] and an English bog

Methane Flux Derived From Nighttime Variations of CI'h and CO2
Concentrations of CI-I4 and CO2 usually increased after sunset when the surface layer became stratified, rising at times to more than 2500 ppb and 400 ppm, respectively. These correlated concentration changes, shown in Figure 14 , are a direct indication of rates of surface emissions. The observed ratio of THC to CO2 in nighttime enhancements represents approximately the fraction of mineralized carbon released to the atmosphere as hydrocarbons. Figures 14a and 14b show scatter plots of THC and CO2 concentrations at night, from 2200 to 0800 local time. Linear functions were fitted through measurements for individual levels 1-8, and for aggregated data from levels 1-7, as shown in Table 1 where each 500m x 500m pixel was assigned to one of these surThe average methane emission rate for the whole experiment at face types and assumed to have the associated mean emission rate. the tower, 25 mgCH4/m2/d, represents 6% of the net daily uptake We may help elucidate the uncertainties associated with extraof CO 2 (Figure 8a ), similar to values obtained for analogous sys-polating point measurements to large scales, as needed to apply retenas. Sebacher et al. [1986] vegetation, and therefore independent of sector or stability class, while the {• } depend on sector and class as shown in Table 2a .
Distance from the Tower (m) Fig. 13 . Tower footprint at altitude h = 12 m, plotted against distance (m) from the tower: (a) the contribution (percent) to the probability density for each 50-m interval along the abscissa, and (b) the cumulative probability density (from tower base to an upwind distance), both integrated in the cross-wind direction. The model of slender Gaussian plumes was used (appendix, (A3) and (A6)).
The net CH4 exchange measured at the tower, in each sector and stability class, can therefore be apportioned to contributions from conditionally averaged data, hence our claim that most of the varilake, upland, and wet meadow tundra upwind of the tower, using ance in Figure 11 can be attributed to environmental influences on (4), the {j• } from Table 2a, Table 2b gives the optimal values for {a•, b• }, fit to the data for 75% confidence level) than obtained in models I-1II, suggesting 30 combinations of wind direction and stability class with statisti-that emissions from wet meadow tundra may increase at higher cally significant mean fluxes (Figure 11) . In order to determine wind speeds. This dependence could be an artifact reflecting the which parameters account for the sample variance, four models prevalence of wet tundra at lake margins: some pixels labelled ("hypotheses") were considered where some of the ai and b• were wet meadow likely include lake surfaces (and vice versa). set to zero. In model I, all three surface types (lake, dry upland The accuracy of the probability density functions adopted here tundra, and wet meadow tundra) are allowed finite surface emis-for the tower footprint cannot be verified, and we would therefore sion at zero wind and nonzero response to increasing wind veloci-like to determine the sensitivity of model results to details of the ty. The regression indicates insignificant emissions from lakes at functions shown in Figure 13 . A simple test is to use exclusively zero wind speed (a 1), and negligible influence of wind speed on distribution curves for each stability class, ignoring information on fluxes from dry tundra (b2-0). Model 11 therefore set b2 equal to the observed stability, and to examine the coefficients for the same zero; b2 and al were set to zero in hypothesis HI. Coefficients for four models in each case as shown in Table 2b Differences of order 2 x arise in scaling-up chamber data to the in Table 5 . The estimates span a wide range due to adoption of tower footprint using the 20 x 20 m pixels of the SPOT image to different global areas for the various types of bogs and fens and classify vegetation type. Tundra ecosystems are very heterogene-various rates and periods for CI-14 emission from each type of ous, with dramatic variations of soil moisture and plant assera-vegetation. Arctic tundra lakes are important sources of methane, blages on length scales from centimeters to kilometers. Pixels about half the flux in the Yukon-Kuskokwim delta, but these are classified as "dry" unavoidably include some wet soils, and vice not considered in most global estimates. versa. Lake margins and drainage channels are likewise often not Present results suggest that global sources of CH4 from tundra resolved. The SPOT image provides resolution higher than typi-should be at the lower end of the range shown in Table 5 . The cally used in regional remote sensing studies, and the magnitude ABLE 3A site is considerably wetter than average, and should of the differences clearly indicates the need for caution in scaling-therefore produce more CH4/me/yr than global mean tundra.
up point data to regional scales using remote sensing data.
Nevertheless, methane fluxes measured on the tower over the 30-
The errors incurred in scaling-up flux data could perhaps be mi-day period averaged 25_+1 (s.e.) mgCH4/m e/d, lower than, or tigated if information on fractional coverage of surface types equivalent to, data used for global mean tundra in most estimates. could be incorporated into satellite imagery. A vast expansion of A low emission rate is supported by aircraft, tower, and chamber the available data would be required, however, to significantly ira-data. 5 x 1012m 2 between 60øN-80øN, or 0.9 x 1012m 2 between 50øN -80øN ; dry tundra makes up the balance. The 
